Three classes of exopolysaccharide (EPS) defective mutants were isolated by Tn3Hogus-insertion mutagenesis of Rhizobium sp. strain TALI 145, which nodulates tree legumes. The class I and class 111 mutants produced 10-22% of the EPS produced by TALI145 and appeared partially mucoid while the class II mutants formed small, opaque and non-mucoid colonies. Size-fractionation of the soluble EPSs made by these mutants in the culture supernatant indicated that the class I and the class 111 mutants produced reduced levels of both highand low-molecular-mass EPSs while the class II mutants lacked both these EPSs but produced a small amount of a medium-molecular-mass anthrone-reactive EPS. The succinyl and acetyl substituents observed in the TALI145 EPS were absent in the EPS of the class II mutants. When examined under UV, the class I and class 111 mutants grown on Calcofluor-containing YEM agar showed dim blue fluorescence, compared to the bright blue fluorescence of the wild-type strain, whereas the class II mutants did not fluoresce. While the dim blue fluorescence of the class 111 mutants changed to yellow-green after 10 d, the fluorescence of the class I mutants did not change after prolonged incubation. Unlike the EPS-defective mutants of other rhizobia, these mutants did not show different symbiotic phenotypes on determinate-and indeterminatenodulating tree legumes. The class I and the class 111 mutants formed small ineffective nodules on both types of legumes whereas the class II mutants formed normal nitrogen-fixing nodules on both types. The genes disrupted in the class I and class 111 mutants form a single complementation group while those disrupted in the class II mutants constitute another. All the three classes of EPS-defective mutants were located within a 108 kb region and complemented by two overlapping cosmids.
INTRODUCTION
Leguminous plants are capable of symbiotic nitrogen fixation in association with the root-nodule bacteria of the genera Rhizobium, Bradyrhizobium, Sinorhizobizun and Azovhizobium. Specific Chen et al., 1985; Diebold & Noel, 1989; Hotter & Scott, 1991; KO & Gadya, 1990; Lopez-Lara et al., 1993) . Empty nodules, devoid of bacteroids, are formed in these legumes by the EPS-defective mutants of different Rhizobium spp., indicating that the infection is aborted at an early stage of symbiosis. However, nodule development in the determinate-nodule-forming hosts Phaseolus vulgaris, Glycine max and Lotus spp. is generally unaffected by mutations in the genes involved in EPS synthesis (Borthakur et al., 1986; Diebold & Noel. 1989; Kim et al., 1989; KO & Gadya, 1990; LopezLara et al., 1993) . The EPS-defective exoB mutants of Bradyrbiaobium japonicum produced dissimilar results with Glycine soja and G. max, although both legumes form determinate nodules. While these mutants formed effective nodules on G. max, they induced the formation of white, uninfected and ineffective nodule-like structures on G. soja (Parniske et al., 1994) .
Calcofluor-binding acidic EPS of various Rhizobium spp. exhibits blue-green fluorescence under UV when grown on Calcofluor-containing media. By screening the mutants for changes in this fluorescence, several genes involved in succinoglycan metabolism have been identified in S. meliloti (Long et al., 1988) . Most of the genes involved in succinoglycan synthesis, polymerization and secretion were found in clusters in S. meliloti and Rbizobium sp. strain NGR234 (Long et al., 1988; Zhan et al., 1990) . Genes involved in the synthesis of an alternative EPS, known as EPS 11, in S. meliloti are located in a different cluster (Glazebrook & Walker, 1989) . Functional homology between certain exo genes of S. meliloti and Rhizobium sp. NGR;!34 has been observed (Zhan et al., 1990) .
Rhizobium sp. strain TAL1145 forms effective nodules on indeterminate-nodulating tree legumes such as Leucaena and Calliandra spp., and determinate-nodulating tree legumes such as Gliricida sepium Pooyan et al., 1994) . It produces large amounts of EPS in media containing mannitol (Parveen & Borthakur, 1994) . Phylogenetically, it is different from other tree legume-nodulating species such as R. tropici arid Rhizobium sp. strain NGR234 .
One characteristic of this strain that distinguishes it from R. tropici is that it catabolizes mimosine, a toxin present in large amounts in Leucaena spp, (Soedarjo et al., 1994) . In this work we isolated three classes of EPSdefective mutants of TAL1145 and tested them on both indeterminate-and determinate-nodulating hosts for nodulation and nitrogen fixation. In contrast to the exo mutants of NGR234 or R. leguminosarum, the exo mutants of TAL114.5 reported here showed similar nodulation phenotypes on both determinate-and indeterminate-nodulating hosts. Moreover, unlike S. meliloti EPS-deficient mutants, which failed to nodulate the indeterminate-nodulating host alfalfa, a class of EPS-deficient mutants of TAL114.5 that did not produce the high-molecular-mass EPS, formed effective nodules on Leucaena, which forms indeterminate nodules. A cluster of genes involved in EPS synthesis in the strain TAL114.5 was identified and mapped within a 10.8 kb region.
METHODS
Bacterial strains, plasmids and media. Bacterial strains and plasmids are listed in Table 1 . Rhizobia were routinely grown as previously described (Parveen et al., 1996) . Rhizobia were also grown in minimal medium which contained the following components per litre of deionized water: 2-5 g sodium glutamate, 2.0 g sodium succinate, 0.5 g KNO,, 250 mg K,HPO,, 100 mg KCl, 10 mg Na EDTA, 8 mg FeCl,, 1 ml micronutrient solution, 0-5 ml 1 M CaCI,, 1 ml 1 M MgSO, and 5 ml vitamin solution. The micronutrient solution contained the following salts per litre of deionized water: 15 g MnSO,, 1.1 g ZnSO,, 170 mg CuC1, .2H,O, 50 mg Na,MoO, .2H,O and 10 mg CoCl, .2H,O. The vitamin solution contained per litre of deionized water: 100 mg biotin, 100 mg thiamin, and 100 mg DL-pantothenate. Sterile stock solutions of CaCl,, MgSO, and vitamins were added to the medium after autoclaving. The pH of the medium was adjusted to 6-8 before autoclaving.
Sitedirected mutagenesis. The transposon Tn3Hogzis, which is a derivative of Tn3-HoHol (Stachel et al., 1985) , is 6.62 kb in size and was constructed in the laboratory of Brian Staskawicz by replacing the lacZYA genes with a promoterless gus gene and a kanamycin resistance gene (B. Staskawicz, personal communication). The promoterless gus gene near the left inverted repeat (IR,) makes transcriptional fusions with genes if it is inserted in the correct orientation. Cloned Rhizobium DNA in plasmids pUHR221 and pUHR222 was mutagenized with Tn3Hogus insertions using the same method as for Tn3-HoHol (Stachel et al., 1985) except that kanamycin was used for the selection of the transposon. Tn3Hogus insertions in these two plasmids were homogenotized to the wild-type Rhizobium strain TALl145 by marker exchange (Ruvkun & Ausubel, 1981) . The positions of the Tn3Hogus insertions in the mutants were determined by Southern hybridization. The Tn3Hogus insertions of three selected mutants were transferred to the complementing plasmid pUHR221 by homologous recombination. pGlucuronidase (GUS) activity assay. Preliminary selection of mutants for GUS activity was done by streaking the mutants on YEM agar (Vincent, 1970) containing 10 pg ml-l 5-bromo-4-chloro-3-indolyl P-D-glucuronic acid (X-GlcA) (Sigma). Fluorometric assay for GUS activity using 4-methylumbelliferyl P-D-glucuronide (MUG) (Sigma) was done according to Jefferson et al. (1987) . The fluorescent product 7-hydroxy-4-methylcoumarin (MU) is produced through hydrolysis of MUG by GUS.
DNA techniques. Genomic and plasmid DNA preparations, electrophoresis and Southern hybridizations were carried out as previously described . Restriction enzymes were obtained from Promega.
Extraction, purification and analysis of EPS and LPS. EPS and LPS were extracted and purified as previously described (Parveen et al., 1996) except that minimal medium supplemented with 1 O/o mannitol was used to grow the cultures for extraction of EPS and LPS. LPS was analysed by PAGE on 18 '/ o acrylamide gels with 10 % SDS and 0.5 % deoxycholic acid as detergents. The gels were stained by the Alcian blue/silver stain method (Corzo et al., 1991 Figurski & Helinski (1979) decay signal was sampled a t a block size of about 16000 over 5 Hz spectral width. Typically, 2000 transients were recorded with a n acquisition time of 3.28 s. Assignments of resonance were based o n those reported by McNeil et al. (1986) .
Plant experiments. Nodulation and nitrogen fixation assays
o n all three legumes, Gliricida sepium, Leucaena leucocephala and Phaseolus vulgaris, were performed in growth pouches as described by George et al. (1994) . Two-day-old seedlings were inoculated with approximately 10' c.f.u. mlF' of rhizobial culture suspension. Plants were observed 4 weeks after inoculation for nodulation and nitrogen fixation. All plant inoculation experiments were done a t least twice.
Microscopic studies. Nodules were fixed in 2.5 '/o glutaraldehyde and 2 % paraformaldehyde in 0.1 M sodium cacodylate buffer (pH 6 8 ) , followed by post-fixation in buffered 2 % osmium tetroxide. These were dehydrated in ethanol and embedded in Epon resin. Sections were cut with a Sorval microtone and stained with toludine blue.
RESULTS

Isolation of EPSdefective mutants
Three spontaneous EPS-defective colonies were isolated by screening approximately 10000 colonies of Rhizobiurn sp. strain TAL1145 on YEM agar. The small rough colonies of the mutants showed dim bluish fluorescence under UV compared to the bright bluish fluorescence of TALll45 on Calcofluor-containing YEM agar. After 10 d incubation colonies showed a bright yellowish-green fluorescence, which is not a characteristic of TAL1145. To complement these mutants for the EPS defects, a cosmid clone library of TAL1145 was transferred to the three mutants separately and a number of transconjugants showing the EPS phenotype of the wild-type were selected on YEM medium. Five different overlapping cosmid clones containing an 18 kb common DNA region were isolated from these transconjugants. When these clones, pUHR221-pUHR225, were again transferred to the three mutants, their EPS defects were complemented since all transconjugants produced EPS like TALll45.
T w o of the five cosmids that complemented the three EPS defective mutants, pUHR221 and pUHR222, were used to obtain site-directed mutants of TAL1145 using the transposon Tn3Hogus as described in Methods. Fifty-seven EPS-defective mutants were selected that formed rough, opaque and smaller colonies as compared to the mucoid, translucent and large colonies of the wild-type. The mutants were streaked on YEM medium containing Calcofluor and on the basis of the colony morphology and fluorescence they were divided into three classes (Fig. I) . The class I and the class 111 mutants produced reduced amounts of EPS and appeared partially mucoid while the colonies of the class I1 mutants were non-mucoid, small and opaque. When examined under UV, the class I and class I11 mutants on Calcofluorcontaining YEM agar showed dim blue fluorescence compared to the bright blue fluorescence of the wildtype strain whereas the class I1 mutants did not fluoresce. However, unlike the class I mutants or the wild-type strain, the fluorescence of the class I11 mutants changed to yellowish-green when the colonies were incubated for 10 d or longer. 
Quantification and analysis of EPS of some selected mutants
Dry weights of EPS obtained by ethanol-precipitation of the culture supernatants of the wild-type and some selected mutants are shown in Table 2 . None of the class 11 mutants showed a detectable level of the highmolecular-mass EPS, which is precipitable by ethanol.
The mutants belonging to class I and class I11 produced 10-2270 of the EPS produced by the wild-type. Sizefractionation of the soluble EPS of the wild-type in the culture supernatant by column chromatography indicated that it contained a high-and a low-molecularmass fraction. Results of column chromatography of one mutant each of class I, I1 and I11 are indicated in Fig.   2 . (Note that the amounts of material loaded for the mutants in the column were ten times that for the wildtype.) The class I mutant (NP98) and class I11 mutant (NP9.5) were found to produce reduced levels of highmolecular-mass EPS. Although these mutants showed a relatively large peak for the low-molecular-mass EPS, this corresponded to only one-tenth the amount produced by the wild-type. The LPS gel pattern of the mutants did not show significant differences from that of the wild-type (data not shown). Fig. 4(a) shows the restriction map of the plasmids pUHR221 and pUHR222. The positions of the transposon insertion in the mutants were determined by the sizes of the shifted bands in Southern hybridization and are shown in Fig. 4(b) . The Tn3Hogus insertions in the class I and class I11 mutants were located within a 4.0 kb region whereas the class I1 mutants were located 2.4 kb apart from the class I11 mutants on a 4-4 kb EcoRI fragment. Mutants containing active gus fusions are indicated in Fig. 4(b) . The direction of these active gus fusions suggests that the class I and class 111 genes are transcribed from left to right as shown in Fig 
Localization of Tn3Hogus insertions in the mutants
Symbiotic phenotypes of the mutants
The EPS-defective mutants were used to inoculate common bean (P. vulgaris) and two tree legumes, one forming determinate nodules (G. sepium) and the other forming indeterminate nodules ( L . leucocephala). The class I and the class 111 mutants formed ineffective small nodules on all three legumes whereas the class I1 mutants showed normal nodulation and nitrogen fixation on these species. The small nodules formed by one class I mutant (NP98) and one class I11 mutant (NP95) on L. (Fig. 6) . The nodules made by the class I1 mutants contained well-developed bacteroids.
Complementation of the mutants
All three classes of EPS-defective mutants were complemented for EPS synthesis by pUHR221. Plasmid pUHR222 also complemented all mutants except a few class I1 mutants located within the 1.4 kb Hind111 fragment, a part of which is absent in this plasmid (Fig.  4a) . The complemented EPS+ derivatives of the class I and class I11 mutants formed normal nitrogen-fixing nodules on all three legumes tested ( mutants that were mapped on a 2.2 kb EcoRI fragment and a 7.6 kb HindIII fragment were not complemented by either pUHR230 or pUHR2.56, which contained the 2.2 and 7-6 kb cloned DNA fragments, respectively. Similarly, the class I11 mutants were not complemented by the cloned 1.8 kb EcoRI fragment in pUHR236. The class I1 mutants were complemented by pUHR237 containing a 3.4 kb insert of pUHR221, which is homologous to the 4.4 kb EcoRI fragment of pUHR223.
plJHR221: : Tn3Hogus-92, which is a derivative of plJHR221 carrying the mutant allele from the class I11 mutant NP92, did not complement the class I mutants. Similarly, pUHR221: : Tn3Hogus-98, containing the ~ mutant allele from the class I mutant NP98, failed to restore the wild-type phenotype to class 111 mutants. Thus, genes on these two EcoRI fragments are placed in the same complementation group. pUHR221: : Tn3Hogus-87, a derivative of pUHR221 containing the mutant allele from the class I1 mutant NP87, complemented both class I and class I11 mutants but did not complement other class I1 mutants indicating that mutants located within the 4.4 kb EcoRI fragment constitute another complementation group.
The cosmid R'3222 containing the exo region of Rhixobium sp. strain NGR234, the cosmid pEX312 containing the cluster of exo genes of S. meliloti, and pIJ1427 containing pss genes of R. leguminosarum bv. phaseoli, failed to complement these mutants.
DISCUSSION
In media containing mannitol, Rhixobium sp. strain TAL1145 makes large amounts of EPS which can be separated into high-and low-molecular-mass fractions (Parveen et al., 1996) . We observed that the relative amounts of the high-and low-molecular-mass EPS made by this strain depended on the amount of mannitol in the medium. When we used higher amounts of mannitol in the growth medium, we observed a relatively larger peak for the high-molecular-mass EPS. In the present study, a cluster of genes involved in the synthesis of both highand low-molecular-mass acidic EPS in TAL1145 has been identified by isolating three classes of EPS-defective mutants within a 10.8 kb region. The class I and class 111 mutants were present in one complementation group within a 4.0 kb region while the class I1 mutants, constituting another complementation group, were located in a 4.4 kb fragment.
The class I1 mutants did not produce detectable levels of ethanol-precipitable EPS and formed small rough colonies on YEM agar. They produced small amounts of a medium-molecular-mass anthrone-reactive material, which was not precipitated with ethanol. Previously, Zevenhuizen & van Neerven (1983) also observed that only the high-molecular-mass, but not the lowmolecular-mass EPSs are precipitated by 2-5 vols ethanol or acetone. The absence of both acetate and succinate groups in the EPS of NP88, as observed in the NMR analysis, also suggests that the EPS produced by the class I1 mutants is different from that of the wildtype. The class I1 mutants resemble S. meliloti mutants in the exoA, exoB, exoF, exoL, exoM, exoP, exoQ, exoT or exoY genes that form small EPS colonies (Leigh et al., 1985 (Leigh et al., , 1987 Leigh & Lee, 1988; Long et al., 1988; Leigh & Walker, 1994) . In S. meliloti strain Rm1021, Leigh & Lee (1988) and Long et al. (1988) showed that exoP, exoM, exoA, exoL, exoF, exoQ and exoB mutants produced negligible amounts of EPS in the culture supernatant and showed non-fluorescent phenotype on Calcofluor-containing medium like the class I1 mutants in the present study. Interestingly, these mutants formed normal nitrogen-fixing nodules on both indeterminateand determinate-nodulating hosts. This is in contrast exo genes of Rhizobium sp. strain TAL1145 ~- On: Sun, 09 Dec 2018 04:25:55 (Borthakur et al., 1986 (Borthakur et al., , 1988 Chen et al., 1985; Diebold & Noel, 1989; Gray et al., 1991; Hotter 8; : Scott, 1991; Leigh et al., 1985; Long et al., 1988; Lopez-Lara et at., 1993) . It is possible that the small amount of rhe medium-molecular-mass EPS present in these mutants substitutes for the absence of the low-and high-molecular-mass EPS. Reuhs et al. (1995) observed that a capsular polysaccharide in RM41, named KDOPS, could surmount the symbiotic defect of certain EPS mutants in the S. meliloti strain RM41. A component similar to KDOPS described in S. meliloti strain RM41 may also be produced by TAL1145 and the class I1 mutants.
The difference between class I and class I11 mutants is that the class I11 mutants showed a yellowish fluorescence after 10 d incubation while the colour of the Calcofluor-fluorescence of class I mutants did not change on prolonged incubation. Both produced reduced quantities of high-and low-molecular-mass EPS fractions compared to the wild-type. The reduced amounts of ethanol-precipitatable EPS made by the class I m d the class I11 mutants are represented by the highmolecular-mass peaks in Fig. 2 . The low-molecularmass EPS fractions, represented by the relatively larger peaks, are not precipitable with ethanol. The difference in the chemical structure of EPS of class I and class I11 mutants has not been established in this study, but their pcaks for the large-and small-molecular-mass fractions coincided with those of the EPS produced by the wildtype. Both class I and class I11 mutants formed small ineffective nodules on all three legume hosts. Lack of normal EPS in these mutants might have prevented normal bacteroid development, resulting in the Fixphenotype. Leigh et al. (1987) observed that S. meliloti exoH mutants that failed to succinylate their EPS formed empty nodules in alfalfa. Those mutants also showed invasion-deficiency similar to the class I and class I11 exo mutants of TAL1145 in the present study.
Several previous studies with R. legurninorarum and R. loti EPS-defective mutants showed that the mutants had different symbiotic phenotypes on indeterminate-and determinate-nodulating hosts. Based on those results, it was expected that the EPS-defective mutants of TAL1145
would nodulate Gliricidia and beans but not Leucaena. The structure of the Gliricidia nodules is similar to those of beans with spherical meristems although the Gliricidia nodules are much larger than bean nodules. Surprisingly, the EPS-defective mutants of TAL1145 have the same phenotypes on both Gliricidia and Leucaena. In contrast to the EPS-defective mutants, an LPS-defective mutant of TAL114.5 nodulated Leucaena but not Gliricidia or beans (Parveen et al., 1996) .
The EPS of TAL1145 shows some similarities with both S. meliloti and R. leguminosarum EPS. NMR analysis of TALl145 EPS indicated the presence of a succinate group as in the EPS of S. meliloti strains (Leigh et al., 1985 (Leigh et al., ,1987 . The peaks between 1.2 and 1.4 p.p.m. in the NMR spectrum of TAL1145 EPS indicated the presence of a-glycosyl residues and 0-(3-hydroxybutanol) groups, which are also reported in the EPS of R. leguminosarum (McNeil et al., 1986; Hollingsworth & Dazzo, 1988) .
Further comparison of the EPS of TAL1145 and other rhizobia is not possible at this stage because the structural composition of the TAL1145 EPS has not been elucidated.
The exo genes of TAL1145 may be functionally different from those in S. meliloti and Rhixobium sp. strain NGR234 because (i) none of the EPS-defective mutants of TAL1145 in this study could be complemented by plasmids pEX312, R'3222 or pIJ1427 that contain the exo genes of S. meliloti Rm1021, Rhixobium sp. NGR234 and R. leguminosarum bv. phaseoli 8002, respectively ;
(ii) the yellowish-green Calcofluor-fluorescence observed upon prolonged incubation of class I11 EPSdefective mutants of TAL1145 has not been reported in any other Rhizobium sp., which suggests that the EPS in TAL1145 may be qualitatively different from the EPS of other Rhizobium spp.; and (iii) the nodulation phenotypes of the three classes of mutants are similar for both the indeterminate-and determinate-nodulating tree legumes. Phylogenetically, TALll45 is closer to R. tropici and R. leguminosarum than to S. meliloti and Rhixobium sp. strain NGR234 .
